This paper presents a novel nanocomposite thermal interface material (Nano-TIM) consisting of a silver coated polyimide network and the indium matrix. One of the potential applications of this Nano-TIM is for heat dissipation in integrated circuits and electronic packaging. The shear strength of the Nano-TIM was investigated with DAGE-4000PSY shear tester. The shear strength of Nano-TIM is 4.5 MPa, which is 15 % higher than that of the pure indium thermal interface material. The microstructure of cross-section and fracture surface was studied using Scanning Electron Microscopy (SEM). SEM pictures show a uniform polymer fiber distribution and solid interface between silver coated fibers and indium matrix. The thermal fatigue resistance of the Nano-TIM was evaluated by monitoring the variation of thermal interface resistance during the thermal cycling test (-40 to 125 °C). The thermal interface resistance was measured with a commercial xenon flash instrument after 100, 200, 300, 400, 500, and 1000 temperature cycles. The results of thermal cycling test show that Nano-TIM presented consistent reliability performance with pure indium. Furthermore, the cooling effect of Nano-TIM was demonstrated through measuring the power chip temperature in the die attached structure by using an Infrared Camera. In the test, the Nano-TIM shows a comparable cooling effect to pure indium TIM for die attach applications in electronics packaging.
Introduction
The development of small feature sizes and high performance electronic products has resulted in the tremendous increase of the chip power density. Thermal management, maintaining a low system temperature under a high power density loading, thus becomes a critical issue in the electronic packaging field. Some challenges in thermal management need to be addressed urgently. For example, the high thermal interface resistance between heat sink and silicon chip, generally caused by the surface roughness, could significantly reduce the efficiency of heat transfer. Therefore, thermal interfaces have been identified as one of the main bottlenecks in heat dissipation [1] . Currently, one effective solution for decreasing the thermal interface resistance is to fill the gap at the interface between silicon chip and heat sink by using a thermal interface material with high thermal and mechanical performance.
The current trends of developing new TIMs are focused on the nanocomposite materials, such as embedding carbon nanotubes [2] - [4] and silver nanowire arrays in a polymer matrix [5] , due to the unique properties of nanomaterials on surface area, defects, mechanical, electrical, and thermal performance. Meanwhile, the improvement and characterization of traditional TIMs, including solder-based TIMs [6] and phase change materials [7] , are also an important topic in thermal management field. The researchers have developed several metal based nano-fiber matrix composite TIMs for heat dissipation in the electronics packaging. L Zhang et al. reported the performance of indium-tin-bismuth alloy based nano-fiber composite TIMs used as a kind of phase change material [8] . However, phase change TIM material can easily be oxidation and corrosion at the elevated temperature cycles [9] . C Zandén et al. studied the thermal performance and reliability of tin-silver-copper based nano-polymers composite in a die attachment [10] . M Murugesan et al. developed the carbon fiber based tin-silver-copper alloy matrix composite TIM for thermal management of high power electronics [11] .However, this kind of solder based nanocomposite TIM has to be soldered onto the substrate with around 220°C which possibly bring a risk of reliability of some temperature sensitive device [12] .
In this paper, we choose indium as based material to develop TIM due to the indium's high thermal conductivity and low melting temperature [13] . However, pure indium is easily deformed due to a low yield strength and also have a risk of flowing out during die attach process [14] . Moreover, with its large coefficient of thermal expansion (compared to Si chip and heat sink) could be a potential challenge to strength and thermal fatigue resistance of an indium TIM. Therefore, addressing the weakness of indium, a novel nanocomposite thermal interface material (Nano-TIM) which consists of metallic indium and a silver coated polyimide (PI) network was developed. The polymer network defines the geometry of TIM, such as the shape and bond line thickness. Meanwhile, the metallic part is responsible for heat transfer. Importantly, nanofiber network can potentially improve the mechanical performance and reliability in microelectronics packaging [15] [16] . The nano-sized polyimide fibers in the Nano-TIM can constrain the dislocation and delay the crack propagation, resulting in the enhanced strength and thermal fatigue resistance. The work in this paper focuses on characterizing the mechanical and thermal performance of the Nano-TIM for die attachment application in the electronics packaging. Moreover, the thermal cycling reliability of the Nano-TIM is also investigated. Finally, the real cooling effect of the Nano-TIM in high power chip packaging is tested using an Infrared (IR) camera system.
Experimental procedure

Nano-TIM preparation
The processes of the Nano-TIM preparation can be shown in three steps. Firstly, the polyimide nanofiber network is fabricated by using electrospinning technology. Electrospinning solution is consisted with 16wt% PI dissolved in N, N-dimethylacetamide (DMAC). Electrospinning is performed using 18 kV, 2 mL/h feed rate and 20 cm between cannula and collector in a commercial electrospinning unite (Nanofiber Electrospinning Unite, Kato Tech). Secondly, surface modification of the nanofiber is performed to coat Ag layer onto the nanofiber for later metal infiltration process. The nanofiber network like a mesh is immersed in 4M KOH aqueous solution at 80°C during 30 minutes to induce imide-ring cleavage and form potassium polyamate layer in the polymer chains on surface of nanofiber. Hereafter, the nanofibers are put in 100mM AgNO3 aqueous solution at 25°C for 30 minutes to facilitate an ion exchange process where the Ag + ions replaced potassium ions existing on the surface of nanofiber. Then 1mM DMAB aqueous solution is used to reduce Ag + ions to form a silver layer on the fiber surface. Finally, liquid indium is infiltrated in this Ag coated PI network by using an infiltration machine. The detailed description of fabrication processes, such as electrospinning and infiltration, are found in previous papers by the authors [17] - [20] . Ag-coated PI network and a piece of Nano-TIM are shown in Figure 1 . After the infiltration process, the fibers are covered by indium, being invisible from the top surface. The size of Nano-TIM can be controlled during infiltration process. In this study, 50 µm thick Nano-TIM with 3cm diameter is selected for performance tests. 
Shear test
The shear test samples are designed into the sandwich structure as shown in Figure 2 (a). A piece of Nano-TIM is firstly placed on a Cu pad with an electroless nickel immersion gold (ENIG) surface finish. A 2 × 2 mm silicon chip with titanium /gold (20/100 nm) surface finish was then pressed on the Nano-TIM at 180 °C with 0.4 MPa of pressure for 1.5 minutes. After that, this sandwich structure is cooled down to the room temperature in the air. The shear test on this sandwich structure is executed using a DAGE-4000PSY shear tester. The shear speed and height are set to 200 µm/s and 100 µm respectively. In order to evaluate the effect of the fibers on the Nano-TIM, pure indium TIM which went through the same process with the Nano-TIM, is also tested with the same sample geometry, and 10 samples were prepared and tested for each case. 
Thermal interface resistance measurement
The sample structure for thermal interface resistance measurement is shown in Figure 2(b) . A piece of Nano-TIM is sandwiched between two 8 × 8 mm 2 copper/ENIG pieces and reflowed with the same processes as shear test sample. The pure indium samples are also prepared as reference. In total 5 samples are prepared for each case. The thermal interface resistance is measured by using a commercial xenon flash instrument (LFA447, Netzsch).
Thermal cycling test
After thermal interface resistance measurement, all samples are transferred to an environmental test chamber (924E, Despatch) for the thermal cycling (TC) test. The temperature range of the TC test was set from -40 to 115 °C, with the duration time per cycle and the soak time being 30 and 10 minutes respectively. The TC test is paused at 100, 200, 300, 400, 500, and 1000 cycles in order to check the variation of the thermal interface resistance. The heat dissipation effect of the Nano-TIM for die attach applications is investigated by using a thermal infrared camera. The test setup is shown in Figure 3 . The power chip with hot spot is attached onto a copper heat sink with TIM materials by using the same process as the shear test samples. The infrared camera (FLIR SC660) is then used to test the heat spreading map of the power chip with 10 Watt loading. The hot spot temperature and heat distribution of the power chip are captured by infrared camera when the samples reached thermal equilibrium after 2 min. The structure details of polyimide nanofibers network before and after surface modification are summarized in the Figure 4 . From the image analysis, the mean fiber diameter is found to be approximately 500±200nm. After surface modification process, a layer of silver coated on the nanofiber surface is observed in the Figure 4 (c) and (d). And the coverage of silver layer is uniformly and completely coated on the whole nanofibers. The function of this silver layer is to act as interfacial layer between the low surface energy polymer fibers and indium metal to facilitate metal infiltration. Moreover, through comparing the overall structure of 3D fiber network between Figure 4 (a) and Figure 4 (c), the surface modification does not bring any apparent damaging effect on the overall structure.
Thermal Infrared Camera Test
In order to study the inner structure of Nano-TIM, the cross-section samples are prepared. Here the pure indium is used as a reference. Pure indium at the interface between the TIM and Cu/ENIG pad is shown in Figure 5 (a). Some Si pieces are found in the indium matrix. These Si pieces come from the Si chip used during the cross-section making process. The Si pieces were polished off the Si chip and embedded in the soft indium. In Figure 5 (b), the polymer fibers can be observed in the indium matrix. There are no visible voids that can be detected in Figure 5(b) , indicating the porous polymer network has been completely filled with indium after the infiltration process. Figure 5(c) shows an image of Nano-TIM with high magnification. In Figure  5 (c), each fiber is tightly covered by the indium matrix. In general, the porous PI network is extremely difficult to be fully wetted and filled by liquid indium due to the inert nature of PI and the small gap between the PI fibers as shown in the Figure 5 (e). However, in this Nano-TIM, the surface of the PI fibers has been coated by silver, which significantly improves the wettability of liquid indium to the PI surface. For all nanofibers observed, each individual nanofiber was tightly surrounded by indium under the help of the silver particle as shown in the representative image given in Figure 5(d) . As a result, the liquid indium can successfully infiltrates the PI network by using high pressure in the infiltration process. Figure 5 . Cross-sections of (a) pure indium and (b) Nano-TIM with Cu/ENIG pad; (c) is a high magnification image of the Nano-TIM; (d) shows the inner structure of Nano-TIM after damage; (e) shows the interface status between indium and the nanofiber without silver coating. Figure 6 shows the results of shear test for Nano-TIM and pure indium samples. The average shear strength of Nano-TIM is higher than that of pure indium, which could be attributed to the reinforcement effect of silver coated PI fibers. The dislocation motion in the Nano-TIM can be impeded by those Ag coated fibers, which limits the crack initiation and propagation during shear test and subsequently increases the shear strength of pure indium. To verify this point, the fracture surface after the shear test was also studied. The fracture surface of pure indium in Figure  7 (a) is composed of dimples, showing a typical ductile fracture mode. In Figure 7(b) , the fracture surface of Nano-TIM also shows the ductile fracture mode, but the microstructure is much finer than that of pure indium. Comparing to the pure indium, the dimple size and elongation of the Nano-TIM is also smaller. This fine microstructure of the fracture surface of Nano-TIM could be caused by the PI network which separates the large indium matrix to small areas. This finer microstructure of fracture surface of Nano-TIM directly justified that the nanofibers do limit the crack initiation and propagation during the shear test. 300um 300um Figure 8 . The thermal interface resistance of Nano-TIM and pure indium. Figure 9 (a, b, c) .
For investigating the heat dissipation performance of Nano-TIM in application, thermal interface resistance of pure indium and Nano-TIM is measured respectively. And the results are showed in Figure 8 . The average thermal interface resistance of Nano-TIM in the vertical direction is 2.1 K·mm 2 ·W -1 , which is higher than that of pure indium (1.7 K·mm 2 ·W -1 ). In order to investigate heat dissipation effect of this thermal interface resistance difference in real application, the thermal infrared camera is used to capture the temperature distribution of power chip as shown in Figure 9 (b) with (c), the temperature distribution of Nano-TIM sample is almost the same as that of pure indium TIM sample. The similar temperature distribution between pure indium and Nano-TIM indicates that the PI network in the indium matrix would not noticeably degrade on the thermal performance of indium matrix and bonding quality at the interface. The Nano-TIM developed in this study can be roughly categorized to a kind of metal matrix composite material. In the metal matrix composite material, the thermal conductivity mainly depends on the movement of electrons in the metallic matrix. In the Nano-TIM, the silver coating of PI fibers promotes the formation of a solid interface between the fiber and the matrix, retaining the continuous structure of the indium matrix. That could be the reason why the Nano-TIM keep the same heat dissipation effect as pure indium in the application. On the other hand, the nanofibers network may act like a mesh to define the geometry and prevent the melting metal flow away and splash during reflow process. This is also a possible reason why the Nano-TIM sample have almost the same cooling effect as pure indium sample although the Nano-TIM shows a little bit higher thermal resistance than indium in the previous measurement results. As a reference, the hot spot area of the chip without TIM is also tested, which shows obviously larger than the chip with TIM. Figure 9 (d) shows that the maximum temperature of the chip without TIM is almost 30 °C higher than two other chips with TIM, showing how much effect the TIM has in increasing heat dissipation efficiency. Figure 10 . Thermal interface resistance measurement after 100, 200, 300, 400, 500, and 1000 temperature cycles.
In order to evaluate the change in thermal performance and long-term reliability of nano-TIM, we carried out thermal cycling under harsh conditions (-40 to 115°C @ 2cycles per hour) while periodically monitoring the change in thermal resistance. The results are presented in Figure 10 . The overall trend shows that the thermal interface resistance of two types of samples were both slightly increased with the thermal cycles increasing. After 1000 cycles, the Nano-TIM and indium samples both do not have drastically change in the thermal performance, which indicate that the Nano-TIM have comparably stable reliability with indium. The slight increase of thermal interface resistance may be attributed to the formation of small cracks in the structure which is caused by harsh cycling condition. The coefficient of thermal expansion mismatch between different materials will lead to the stress concentration at initial cracks and promote the propagation of these cracks with temperature cycles [21] . Therefore, the change percentage of thermal interface resistance of the samples both reach to the maximum around 20% at the 1000 cycles. Considering the standard error bar overlap, the change range of thermal interface resistance of Nano-TIM is consistent with indium sample, which indicates that Nano-TIM still can keep as high bonding quality as pure indium after 1000 cycles.
Conclusions
Shear strength, thermal interface resistance, thermal fatigue resistance and cooling effect of a dieattach structure using a Nano-TIM were investigated in this paper. Increased shear strength of Nano-TIM is attributable to the reinforcement effect of silver coated PI fibers on the indium matrix. The silver coated PI fibers distributed in the indium matrix impede the crack propagation and consequently improve the mechanical performance of pure indium TIM. Mechanical failure doesn't occur in both the indium and Nano-TIM materials after 1000 temperature cycles. Nano-TIM shows comparably stable reliability with indium. Moreover, the heat dissipation ability of Nano-TIM in the die attach structure is comparable to that of pure indium, indicating that the Agcoated PI polymer network is able to improve the mechanical performance of pure indium whilst avoiding the degradation of thermal performance and interface bonding quality.
